Inhalational pneumonic tularemia, caused by Francisella tularensis, is lethal in humans. F. tularensis is phagocytosed by macrophages followed by escape from phagosomes into the cytoplasm. Little is known of the phagocytic mechanisms for Francisella, particularly as they relate to the lung and alveolar macrophages. Here we examined receptors on primary human monocytes and macrophages which mediate the phagocytosis and intracellular survival of F. novicida. F. novicida association with monocyte-derived macrophages (MDM) was greater than with monocytes. Bacteria were readily ingested, as shown by electron microscopy. Bacterial association was significantly increased in fresh serum and only partially decreased in heat-inactivated serum. A role for both complement receptor 3 (CR3) and Fc␥ receptors in uptake was supported by studies using a CR3-expressing cell line and by down-modulation of Fc␥ receptors on MDM, respectively. Consistent with Fc␥ receptor involvement, antibody in nonimmune human serum was detected on the surface of Francisella. In the absence of serum opsonins, competitive inhibition of mannose receptor (MR) activity on MDM with mannan decreased the association of F. novicida and opsonization of F. novicida with lung collectin surfactant protein A (SP-A) increased bacterial association and intracellular survival. This study demonstrates that human macrophages phagocytose more Francisella than monocytes with contributions from CR3, Fc␥ receptors, the MR, and SP-A present in lung alveoli.
Francisella tularensis, a highly infectious gram-negative coccobacillus and potential infectious agent of bioterrorism, is most devastating to humans in its pneumonic form (16) , where it is phagocytosed by alveolar macrophages (AM). Whereas ingested microbes are normally degraded within macrophage phagolysosomes, it was recently shown that F. tularensis escapes from its phagosome into the cytoplasm within 4 hours of phagocytosis by human macrophages (11, 24) . The avoidance of phagosome-lysosome fusion and escape into the host cytoplasm are potential virulence mechanisms, as Francisella mutants which are defective in escape demonstrate reduced intramacrophage growth (33, 40) . Little is understood of either the mechanisms of uptake of Francisella into macrophages or its subsequent evasion of macrophage-directed killing. The severity and rapidity of the disease caused by Francisella, especially in the lungs, are likely the result of an exploitation and/or failure of one or more components of innate immunity, leading ultimately to the inability of macrophages to control infection. Failure of the innate immune response to control F. tularensis infection of human macrophages is corroborated by the short incubation time of 1 to 2 days in human volunteers for developing symptomatic disease following aerosol challenge of F. tularensis (3, 41) and in nonhuman primates challenged with the virulent Schu 4 strain (54) .
Macrophage receptors mediate phagocytosis and initiate signaling cascades, intracellular trafficking, inflammatory responses, and antigen presentation (51) . While most receptorligand interactions between macrophages and microbial pathogens lead to the destruction of the pathogen, certain receptorligand interactions allow for permissive environments in which the pathogen can thrive and even proliferate. For example, Mycobacterium tuberculosis is initially taken up by AM in the lung via complement receptors (CR) and specific pattern recognition receptors (PRR) such as the mannose receptor (MR) and scavenger receptors (19) . Uptake via the MR appears to be permissive for M. tuberculosis growth; more bacteria were found in fused phagolysosomes when the MR was competitively inhibited (30) .
The macrophage receptors which are important for the uptake and survival of Francisella have been poorly characterized. Recent studies by Clemens et al. have indicated a role for complement and CR in an unusual form of phagocytosis involving spacious asymmetric pseudopod loops (11, 12) . Within the lung alveolus, bacterium-macrophage interactions are also regulated by the pulmonary collectins surfactant proteins A and D (SP-A and SP-D) (20) . These proteins along with the MR are calcium-dependent lectins that bind to an array of microbial surface carbohydrates (19, 49) and have several immunomodulatory effects on macrophages (14, 15, 22, 55) . SP-A has been shown to increase the MR phagocytic pathway in human macrophages (5, 23) .
There are three main subspecies of Francisella tularensis: F. tularensis subsp. tularensis (type A), the highly virulent form found in North America; F. tularensis subsp. holarctica (type B), a less-virulent form found both in North America and Europe; and F. tularensis subsp. mediasiatica (17) . Francisella novicida and the live vaccine strain (LVS) of F. tularensis (type B strain) are the two most commonly used model strains for study. F. novicida, which causes lethal disease in mice, shares near genetic identity with F. tularensis subsp. tularensis by 16S rRNA gene sequencing (17, 21) . F. novicida causes occasional cases of human disease and has been speculated to cause infection more frequently than previously thought (10, 26, 53) . In this report we evaluated the role of the major classes of human macrophage phagocytic receptors in the interaction with F. tularensis. We provide evidence for involvement of complement, antibody, SP-A, and the macrophage MR in these interactions. We also directly compared the macrophage association of F. novicida with the LVS.
MATERIALS AND METHODS
Isolation of monocyte-derived macrophages. Institutional Review Board approval was obtained for isolating cells from human blood via venipuncture, and informed consent was obtained from individual blood donors. Peripheral blood mononuclear cells (PBMC) were isolated from heparinized blood in 0.9% saline by centrifugation over Ficoll-Paque (Amersham Biosciences) as previously described (44) . PBMC were then washed twice in RPMI 1640 with L-glutamine (Gibco) and cultured in Teflon wells at a concentration of 2.0 ϫ 10 6 cells/ml in RPMI 1640 plus L-glutamine with 20% autologous human serum at 37°C in 5% CO 2 for 5 to 6 days to produce monocyte-derived macrophages (MDM). In the case of monocytes, incubation in Teflon wells was for 24 h. On the day of harvest, PBMC were collected from Teflon wells, washed, counted, and placed in monolayer culture in 24-well tissue culture plates for 2 h at 37°C in 5% CO 2 . Nonadherent lymphocytes were washed away, leaving adherent monocyte or MDM monolayers at a density of approximately 1.5 ϫ 10 5 to 2.0 ϫ 10 5 cells/well. Human serum preparation. Autologous sera from healthy adult volunteers with no known exposure to Francisella or Francisella-infected patients were used in all experiments except where noted. Sera were obtained from donors by venipuncture and processed to maintain complement activity (28) . Briefly, whole blood was kept at room temperature for 1 h to allow for clot formation and then at 4°C to allow for clot retraction and then centrifuged at 500 ϫ g for 15 min. The serum fraction was collected, filter sterilized, aliquoted, and stored at Ϫ80°C. Serum was heat inactivated (HI) on the day of experimentation at 56°C for 30 min.
Preparation of Francisella. Strains of F. novicida U112 and the F. tularensis subsp. holarctica LVS ATCC 29684 were used in this study. A destabilized form of green fluorescent protein (GFP) plasmid was constructed in pKK214 as described previously (1) . The GFP plasmid was introduced into the LVS and F. novicida by the rubidium chloride cryotransformation technique. Briefly, 10 9 bacteria were suspended in chilled cryotransformation buffer (10 mM HEPES, 100 mM CaCl 2 , 10 mM RbCl 2 , 15% glycerol; pH adjusted to 6.5 with diluted NaOH), 100 ng of plasmid was added to the cells, and cells were left on ice for 30 min. Cells were flash frozen in liquid nitrogen for 5 min, warmed to room temperature, and plated on chocolate agar with tetracycline (10 g/ml) at 37°C. Bacteria were plated on chocolate agar for 1 to 2 days and harvested in RPMI 1640 with L-glutamine. The multiplicity of infection (MOI) for each experiment was approximated by measuring the optical density at 600 nm and confirmed by plating the inocula and counting CFU. Macrophage infections were performed at the MOIs listed in the figure legends. Other strains of Francisella were cultivated as described above on chocolate agar.
Microscopy assays of Francisella association with monocytes and macrophages. Monocyte and MDM monolayers were formed on Chromerge-cleaned glass coverslips in 10% autologous serum in RPMI 1640 at 37°C with 5% CO 2 for 2 to 3 h, as previously described (46) . The cells were then washed extensively with warm RPMI 1640 and incubated with RHH (RPMI 1640 with L-glutamine, 10 mM HEPES, and 0.25% human serum albumin [HSA]) or RH (RPMI 1640, L-glutamine, and 10 mM HEPES) medium and 2.5% autologous serum. Fifty microliters of appropriately diluted bacterial stock was then added to each well. MDM were incubated on a rotating platform for 30 min and then under stationary conditions for an additional 90 min, both at 37°C in 5% CO 2 . After incubation, the cells were washed extensively with warm media to remove nonadherent bacteria and fixed in 2% paraformaldehyde and coverslips were allowed to dry.
Three complementary microscopy assays were used to assess phagocyte-associated bacteria. First, in experiments using GFP-expressing Francisella, coverslips were mounted on glass slides and the phagocyte-associated bacteria were counted and enumerated using fluorescence microscopy. Second, in experiments with nonfluorescent bacteria, MDM on coverslips were permeabilized after paraformaldehyde fixation with 100% methanol for 5 min, washed, and stained with 300 l of 300 nM DAPI (4Ј,6Ј-diamidino-2-phenylindole; Molecular Probes) for 20 min. Phagocyte-associated bacteria were enumerated by fluorescence microscopy. Third, phagocyte-associated bacteria were visualized by indirect immunofluorescence microscopy. In this assay, monocytes and MDM on coverslips were permeabilized, washed, and then incubated with a monoclonal mouse anti-F. novicida lipopolysaccharide primary antibody (Immuno-Precise Antibodies Limited, Victoria, B.C., Canada) (diluted 1:100 in blocking buffer composed of 5% HI human AB serum [Cambrex] and 1% bovine serum albumin [Sigma] in buffer) or a monoclonal mouse anti-F. tularensis lipopolysaccharide primary antibody (Abcam, Cambridge, MA) (diluted 1:1,000 in blocking buffer) for 4 h at room temperature with gentle rotation. After being washed extensively, MDM were incubated with Alexa Fluor 488-conjugated goat anti-mouse immunoglobulin G (IgG; Molecular Probes) (diluted 1:1,000 in blocking buffer) for 90 min at room temperature. Coverslips were mounted on glass slides. In all assays, the average number of bacteria per monocyte or MDM on each coverslip was determined by counting a minimum of 200 cells per coverslip using a 100ϫ oil immersion objective with a wide-bandwidth 570-nm dichroic mirror on a BX51 Olympus fluorescence microscope and pictures were taken with an Color 3 digital camera (Olympus, Melville, NY). Triplicate coverslips were used for each test group.
In certain experiments soluble mannan (TCI, Tokyo, Japan) was used to block the MR on MDM as previously described (42) . Mannan (2.5 mg/ml) was incubated with MDM for 30 min at 37°C prior to the addition of bacteria.
Macrophage Fc␥R down-modulation. To assess the role of Fc␥ receptors (Fc␥R) on MDM in the cell association of Francisella, Fc␥R were downmodulated as described previously (35, 44) . Briefly, Chromerge-cleaned glass coverslips in 24-well tissue culture plates were incubated with 300 l of 0.1-mg/ml poly-L-lysine (Sigma) for 60 min, washed, and treated with 300 l of 2.5% glutaraldehyde for 60 min. After further washing, the coverslips were transferred to wells of another tissue culture plate and incubated with 300 l of 1-mg/ml HSA (ZLB Bioplasma AG) for 30 min. Coverslips were then washed and incubated with 500 l of 0.2 M glycine to quench the glutaraldehyde groups and incubated overnight at room temperature. Next, 300 l of 1-mg/ml rabbit IgG anti-HSA (Sigma) was added to certain coverslips to form immune complexes, whereas control coverslips were incubated in medium only. After a 30-min incubation and wash, MDM were adhered in monolayer culture onto the treated coverslips as described above for 2 h. For MDM infections, bacteria were opsonized in 10% autologous fresh or HI serum or media alone for 30 min at 37°C with gentle rocking every 5 to 10 min, washed twice, and then added to the MDM. Bacterial concentrations of the inocula used in tissue culture experiments were verified by CFU.
In order to test the efficacy of Fc␥R down-modulation, IgG-coated sheep red blood cells (E-IgG; Advanced Research Technologies) were incubated on treated coverslips (with or without anti-HSA treatment) for 60 min at 37°C in 5% CO 2 , after which the coverslips were fixed in 2.5% glutaraldehyde. Ingested E-IgG were counted and enumerated after hypotonic lysis of extracellular E-IgG (44) .
Determination of antibody in donor serum to Francisella. To ascertain the presence of antibody in human serum for F. novicida, 1 ϫ 10 8 bacteria were incubated for 30 min at 37°C on an Adams Nutator (Becton Dickinson, Franklin Lakes, NJ) in fresh and HI serum from multiple donors at different concentrations (0.625%, 1.25%, 2.5%, 10%, and 50%) or in HSA at concentrations approximating those in the serum (31.25 mg/dl, 62.5 mg/dl, 125 mg/dl, 500 mg/dl, and 2.5 g/dl). After vigorous washing, bacteria were dried overnight onto medium-binding polystyrene Costar enzyme-linked immunosorbent assay (ELISA) plates (Corning, Pittsburgh, PA), blocked for 12 h with 3% ovalbumin (Sigma, St. Louis, MO) at 4°C on a Nutator, and then incubated with horseradish peroxidase (HRP)-conjugated goat anti-human polyvalent immunoglobulin (IgG, IgA, or IgM; 1:3,500 dilution; Sigma, St. Louis, MO) in 0.3% ovalbumin for 3 h at 24°C (47) . Substrate was added for 10 min at room temperature (ABTS HRP substrate kit; Bio-Rad, Hercules, CA), after which the reaction was stopped with 2% oxalic acid in sterile water. Absorbance at 415 nm was then measured on a 96-well plate reader (Molecular Devices, Sunnyvale, CA). For detection of antibody to F. novicida using fluorescence microscopy, nonimmune serum from one donor was incubated with bacteria for 30 min at 37°C as described above, blocked in 3% ovalbumin for 1 h at 24°C, and then washed and incubated for 2 h at 24°C with fluorescein isothiocyanate (FITC)-conjugated goat anti-human polyvalent immunoglobulin (IgG, IgA, or IgM; 1:128 dilution; Sigma, St. Louis, MO) in 0.3% ovalbumin in triplicate Eppendorf tubes. After a final wash, 10 l of each sample was placed on glass slides, and the presence or absence of fluorescent bacteria was assessed qualitatively by immunofluorescence microscopy.
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Determination of the effect of SP-A on Francisella association with MDM. SP-A was purified from the bronchoalveolar lavage fluid from patients with pulmonary alveolar proteinosis according to a previously described protocol using mannose-Sepharose affinity chromatography (15) . Purified protein was verified using sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blotting. The endotoxin concentration was Ͻ0.25 pg/g protein. Fifty microliters of bacteria at a concentration of ϳ1.8 ϫ 10 9 bacteria per ml was incubated with 5 g SP-A or buffer for 30 min at 37°C and then washed twice in media by centrifugation (10,000 ϫ g for 10 min each wash). The bacteria were resuspended in RHH for a final concentration of ϳ1.8 ϫ 10 9 bacteria per ml, and 50 l of the bacterial suspension was added to MDM at an MOI of ϳ600:1. To examine the direct effect of SP-A on macrophages, MDM were incubated with 5 g SP-A for 30 min prior to the addition of bacteria at 37°C in 5% CO 2 and washed or added simultaneously with bacteria.
Flow cytometry assay for cell association of Francisella with macrophages. MDM monolayers (6 ϫ 10 5 ) in six-well plates were incubated with GFP-expressing F. novicida for 2 h as in the microscopy assays. After being washed extensively with warm RPMI 1640, the cells were placed on ice for 30 min, gently lifted using a rubber policeman, placed in a conical tube, and washed with cold RPMI 1640. Cells were adjusted to 1 ϫ 10 7 cells/ml and fixed with 2% paraformaldehyde without permeabilization. Samples were read on a Becton Dickinson (San Jose, CA.) LSRII flow cytometer, and data were analyzed using FACSDiva software (Becton Dickinson). Uninfected macrophages were used in each experiment to set gates for analysis. Macrophages were gated according to their forward and side scatter profiles, and GFP-expressing F. novicida-infected MDM were identified by fluorescence in the FL1 channel.
CFU assay to assess Francisella growth in MDM. After a 2-h incubation of Francisella with MDM monolayers, MDM were washed vigorously and incubated with 50 g/ml of gentamicin for 40 min at 37°C in 5% CO 2 to kill extracellular and attached bacteria, washed again, and lysed with 0.1% Triton X-100 for 2 to 5 min immediately prior to plating for CFU. In control experiments, F. novicida and the LVS showed no significant differences in viability when 1 ϫ 10 6 bacteria were directly incubated with 0.1% Triton X-100 for 5 to 10 min immediately prior to plating for CFU.
Assay for Francisella association with Chinese hamster ovary CR3 cells. Chinese hamster ovary cells expressing CR3 (CHO-CR3) were kindly provided by Douglas Golenbock at the University of Massachusetts Medical Center. CHO-CR3 cells were grown to confluence in tissue culture plates using Geneticin (Gibco)-supplemented selection media containing 10% HI fetal calf serum and 10 mM HEPES. Tissue culture plates were placed on ice, and cells were harvested by gentle pipetting 24 h prior to experimentation. After a washing, the cells were adhered onto glass coverslips in 24-well tissue culture plates at 2.0 ϫ 10 5 per well and incubated at 37°C in 5% CO 2 overnight. The next day the cells were ensured to be 80 to 100% confluent in tissue culture plates and then washed extensively prior to use. Bacteria were preopsonized in single-donor fresh serum or HI serum before addition to CHO-CR3 cells or wild-type control CHO cells for 2 h. Cells were then extensively washed free of nonadherent bacteria, and cell-associated bacteria
FIG. 1. Cell differentiation-dependent association of F. novicida and the LVS with monocytes and MDM. (A) Monocytes or MDM were
harvested from human PBMC at either day 1 or day 5 to 6, respectively, adhered to glass coverslips, and incubated for 2 h with F. novicida at an MOI of 10:1 or the LVS at an MOI of 60:1 in the absence or presence of increasing concentrations of autologous serum. Cell association was quantified by counting F. novicida cells associated with 150 to 200 consecutive cells. Data are the means Ϯ standard deviations of bacteria per cell (triplicate wells) in representative experiments for F. novicida (n ϭ 3) and the LVS (n ϭ 2). Paired one-tail Student t tests were used to generate P values. (B) MDM monolayers on glass coverslips were incubated with either GFP-expressing F. novicida or LVS for 2 h, and bacteria per macrophage were enumerated using fluorescence microscopy. Results were normalized to the mean number of F. novicida cells per macrophage in both the "no-serum" and "serum" groups. The results shown are the means Ϯ SEM from six independent experiments, three at an MOI of 10:1 and three at an MOI of 600:1. * , P ϭ 0.0163; ** , P ϭ 0.0016 (paired two-tailed Student t test). (C) MDM monolayers were incubated with F. novicida or the LVS for 2 h and then incubated with gentamicin and lysed in 0.1% Triton X-100, and MDM lysates were plated on chocolate agar for CFU. Results shown are the means Ϯ SEM from two independent experiments. * , P ϭ 0.0194; ** , P ϭ 0.0023 (unpaired Student t test).
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were immunostained as described above. Coverslips were dried and mounted on slides. Five hundred consecutive cells per coverslip on triplicate coverslips were counted and enumerated using immunofluorescence microscopy. EM. In order to determine whether bacteria associated with MDM were internalized, MDM were plated on plastic coverslips, infected with F. novicida at an MOI of 500:1, and then washed, fixed, and prepared for electron microscopy (EM), as previously described (27) .
Statistics. Independent experiments were performed on separate occasions in triplicate or quadruplicate with a minimum of two different donors unless otherwise noted. Controls were included in each experiment. Paired two-tailed 
RESULTS
F. tularensis association with monocytes and MDM. Monocytes and MDM are in part distinguished by the array of phagocytic receptors expressed on their respective surfaces (43) . We assessed the cell association of F. novicida and the LVS with monocytes and MDM in the presence or absence of serum in order to provide insight into which phagocytic receptors are used for the recognition of Francisella. Monocytes and MDM were incubated with GFP-expressing F. novicida and the LVS at an MOI of 10:1 for 2 h, and bacterial association was measured using fluorescence microscopy. MDM exhibited a 5.36-fold Ϯ 2.54-fold increase in bacterial association with F. novicida compared with monocytes (n ϭ 3; Fig. 1A, top panel) . The mean number of bacteria per monocyte at this MOI was consistently found to be much lower for the LVS (below 0.05 bacteria per monocyte). At an MOI of 60:1, MDM exhibited a 3.95-fold Ϯ 1.41-fold increase in bacterial association with the LVS compared to monocytes (n ϭ 2; Fig. 1A, bottom panel) . These results provide evidence that (i) cell differentiation is important for F. novicida and the LVS cell association, indicating that F. tularensis preferentially enters macrophages via receptors which are either not expressed or expressed in lower abundance on monocytes; (ii) there was a serum-dependent increase in association for both F. novicida and the LVS with MDM; and (iii) the LVS association with human monocytes is much lower than for F. novicida. Further comparisons of F. novicida and the LVS association with MDM were made. Even at an MOI of 600:1, the association of the LVS with MDM was consistently less than F. novicida both in the presence and absence of serum (Fig. 1B) . In order to determine the effect of the observed serum-dependent increase in F. tularensis association on its survival in MDM, CFU from cell lysates were obtained after a 2-h incubation with F. novicida and the LVS. The increase in association after serum opsonization correlated with an increase in survival for F. novicida: serum-opsonized F. novicida demonstrated a 1.45-fold Ϯ 0.10-fold increase in viability at 2 h compared to the nonopsonic condition (n ϭ 8, P ϭ 0.004). Compared to F. novicida, the LVS exhibited 99.9% Ϯ 0.1% and 93.0% Ϯ 2.2% decreases in viability in the absence and presence of serum, respectively (Fig. 1C) . This difference in viability was greater than that predicted by the difference in uptake between strains, suggesting that, in addition to potential differences in phagocytic pathways for F. novicida and the LVS, F. novicida possesses an additional virulence factor(s) that enhances intracellular viability. Given the increase in cell association and marked increase in viability, we chose to perform subsequent experiments with F. novicida as a potentially more useful model for studying human macrophage interactions.
The role for complement and CR3 in the recognition of F. novicida by macrophages. Recent studies provide evidence for the role of complement C3 and CR in the uptake of a clinical isolate of F. tularensis and the LVS by macrophages (11, 12) . To further evaluate the role of serum components in the uptake of F. tularensis by monocytes and macrophages, cell monolayers were incubated with GFP-expressing F. novicida in the presence or absence of different concentrations of fresh autologous serum for 2 h and bacterial association was assessed by fluorescence microscopy. Both monocytes and MDM showed serum-dependent increases in bacterial association that were evident at low concentrations of serum (Fig. 1A) . In the case of MDM, there was a 2.07-fold Ϯ 0.26-fold increase in bacterial association in the presence of 2.5% serum (n ϭ 14, P ϭ 0.001), providing evidence for the importance of serum opsonins in enhancing the uptake of F. novicida. These findings were confirmed using indirect immunofluorescence and flow cytometry assays ( Fig. 2A to D) . Transmission EM was used to determine whether cell-associated bacteria were internalized (Fig. 2D, right panel) . By 2 h all visualized bacteria were intracellular in membrane-bound vacuoles.
To determine the contribution of heat-labile components in serum such as complement in Francisella cell association, GFPexpressing F. novicida and wild-type F. novicida were incubated with MDM in the presence of 2.5% fresh or HI serum (Fig. 3) . Heat inactivation of serum resulted in a level of bacterial association that was lower than the fresh-serum condition but still higher than that of the no-serum condition, suggesting that both heat-labile and stable components of serum such as complement and antibody, respectively, are important in bacterial association. However, there was an unexpectedly large variation in the level of bacterial association in the presence of HI serum in individual experiments, suggesting that the contribu- tion of heat-stable serum components to cell association was donor dependent (see below). The fresh-serum-dependent increase in F. novicida association with MDM was consistent with a role for CR3 in host cell recognition. To explore this further, CHO-CR3 cells or wildtype control CHO cells were incubated with F. novicida cells that were preopsonized in 10% fresh or HI serum or in medium alone (mock preopsonized). Bacteria per cell were enumerated by indirect immunofluorescence microscopy. There was a 5.91-fold Ϯ 1.02-fold increase in the association of serum-preopsonized bacteria with CHO-CR3 cells compared to mock-preopsonized F. novicida (n ϭ 2, P Ͻ 0.05) (Fig. 4) . In contrast, preopsonization of F. novicida with HI serum did not significantly increase bacterial association with CHO-CR3 cells compared to the mock-preopsonized group (1.84-fold Ϯ 1.27-fold increase, P Ͼ 0.05). Bacterial association with wild-type CHO cells was negligible. Taken together, our data provide supportive evidence that F. novicida is opsonized with complement C3 in serum, which in turn increases opsonophagocytosis by macrophage CR such as CR3.
Fc␥ receptors are involved in the recognition of F. novicida by macrophages. As noted above, there was a relatively high degree of variability in the level of bacterial association of F. novicida by MDM in the presence of HI serum. This suggested that, for some donors, heat-stable opsonins such as antibody play a role in mediating the recognition of bacteria via Fc␥R. Donors had no history of tularemia or known exposure to F. tularensis.
In order to ascertain the role of macrophage Fc␥R in the association of Francisella, MDM were plated on immune complexes composed of HSA and anti-HSA to down-modulate all three classes of Fc␥R (CD64, -32, and -16) to the undersurface of the cell (35, 44) . Control MDM were placed on a substrate of HSA only. Down-modulation of Fc␥R was confirmed by incubation of E-IgG with MDM. There was an 84.7% Ϯ 2.8% decrease in E-IgG binding to MDM on immune complexes, confirming efficient down-modulation of Fc␥R (Fig. 5A) . Next, F. novicida that had been preopsonized in 10% fresh serum, HI serum, or media alone was added to MDM with or without Fc␥R down-modulation. After 2 h the MDM were washed and fixed, and bacterial association was enumerated by fluorescence microscopy (Fig. 5B) . As expected, for MDM without novicida demonstrated a marked increase in association while there was also a smaller but significant increase in association of bacteria that had been preopsonized in HI serum (Fig. 5B) . Fc␥R down-modulation led to a significant decrease in the association of fresh-serum-and, in some cases, HI-serum-preopsonized bacteria ( Fig. 5B and Table 1 ). After Fc␥R downmodulation there was little difference between the association of fresh-serum-preopsonized bacteria and that of HI-serumpreopsonized bacteria (Fig. 5B , right bars, and Table 1 ). Cumulative data showed a modest decrease in the association of HI-serum-preopsonized bacteria after Fc␥R down-modulation (Table 1) , consistent with the variation seen from donor to donor. Thus, these data indicate that optimal opsonophagocytosis of F. novicida occurs via both functional CR and Fc␥R, that there is likely to be cooperativity between them in bacteria uptake, and, finally, that involvement of Fc␥R is donor dependent. Antibody in nonimmune human serum recognizes F. novicida. Given the variability in HI-serum-dependent bacterial association with MDM and the role for Fc␥R, we next sought to determine whether nonimmune human serum contained antibody to F. novicida. Bacteria were incubated in various fresh and HI sera from nonimmune donors or HSA control, washed, and then incubated with a FITC-conjugated anti-human IgG, IgA, or IgM antibody to detect the presence of antibody on the bacterial surface. While there was no fluorescence seen in the HSA group, serum-opsonized bacteria were all brightly fluorescent (Fig. 6A) . To quantify the amount of antibody in nonimmune serum to F. novicida, serum-or HSAincubated bacteria were analyzed by a whole-cell ELISA. Sera were from seven donors (six who had no known contact with any Francisella species and one who had a history of cutaneous F. tularensis infection). There was a dose-dependent increase in detectable antibody (Fig. 6B, fresh serum data not shown) . In 10% HI serum, there was a 12.5-fold Ϯ 1.2-fold increase in absorbance relative to the HSA group (P Ͻ 0.0005). These data show that there is antibody to F. novicida even in low concentrations of nonimmune human serum which can mediate opsonophagocytosis of F. tularensis by human macrophages.
The MR is a mediator of nonopsonic recognition of F. novicida by human macrophages. Although serum increases the association of F. novicida with macrophages, bacteria associate in the absence of serum opsonins. The MR is a C-type lectin PRR that is abundantly expressed on macrophages, particularly AM, and plays an important role in the uptake of pathogens (19, 42, 49) . To determine the contribution of the MR in Francisella recognition, MDM were preincubated with soluble mannan, a competitive inhibitor of the MR (42) . These experiments were performed in the presence and absence of 2.5% fresh serum to assess the impact of serum opsonins on MR involvement. In the absence of serum, mannan preincubation resulted in a significant decrease in the association of F. novicida with MDM when compared to the control group (Fig. 7A) . When serum was present, mannan resulted in a 30.2% Ϯ 11.6% (n ϭ 4, P ϭ 0.081) decrease in bacterial association (Fig.  7B) . These results are consistent with involvement of the MR, which appears to play a relatively more important role in the absence of serum opsonins.
SP-A preopsonization leads to increased association of F. novicida with macrophages. Macrophages in the lung are bathed in and ingest SP-A, an abundant surfactant protein that plays an important role in the recognition of pathogens by macrophages (55) . SP-A can enhance phagocytosis by various mechanisms: as a direct opsonin (34) , as an activator of phagocytosis via its own receptor (55), or as an up-regulator of other PRR, such as scavenger receptor A (32) or the MR (5). As Francisella causes severe infection when it enters via the airborne route, we sought to determine whether SP-A plays an immunoregulatory role in macrophage receptor-mediated association of F. novicida. In the first set of experiments, MDM were incubated without SP-A (control condition) or with SP-A either before infection or at the time of infection. SP-A had no detectable effect on bacterial association when MDM were preincubated with SP-A or when SP-A was added concomitantly with Francisella (Fig. 8A) . However, it did have a discernible effect on bacterial viability under these conditions (Fig. 8B ). There were 1.91-fold Ϯ 0.29-fold and 2.35-fold Ϯ 0.46-fold increases in viability when SP-A was added to MDM before or at the time of addition of bacteria, respectively. Importantly, the increase in viability was lost when MDM that had been preincubated with SP-A were washed prior to the addition of bacteria (Fig. 8B) . This result provided a clue that the effect of SP-A was primarily a result of an interaction between SP-A and the bacterium.
Next, F. novicida was preincubated with SP-A and washed prior to its addition to MDM. Preincubation of F. novicida with SP-A led to a 2.6-fold Ϯ 0.2-fold (n ϭ 3, P ϭ 0.0107) increase in bacterial association compared to control bacteria (Fig. 8A) , providing further evidence that the effect of SP-A was primarily the consequence of an interaction between SP-A and the bacterium. SP-A preincubation also led to a 3.0-fold Ϯ 1.1-fold increase (n ϭ 3) in the survival in MDM compared to mockpreincubated bacteria. Taken together, these data indicate that SP-A serves as a bacterial opsonin for Francisella, a finding that is of particular importance for bacterial uptake by macrophages in the alveoli of the lung.
DISCUSSION
F. tularensis has a short incubation period and is readily transmissible to humans from mammalian or arthropod vectors. It is highly virulent, with a 50% lethal dose of 0.5 to 4 organisms (6), and the rapidity of onset of clinical disease, especially of the pneumonic form, suggests a primary failure of a MDM were adhered to coverslips that had been coated with HSA (control) or HSA and rabbit anti-HSA antibody to down-modulate Fc␥R. Results shown are normalized to the no-serum group for both the control and Fc␥R-downmodulated test groups. Results are means Ϯ SEM from four independent experiments, each with triplicate wells per group. ‫,ءء‬ P ϭ 0.0086 (paired two-tailed Student t test) compared to "10% serum, no-anti-HSA" case.
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the innate arm of immunity to control initial infection in this locale. This observation suggests that macrophages in the lung are particularly permissive for F. tularensis. In phagocytosing microbial pathogens, macrophage receptors bind to pathogenassociated ligands, which in turn leads to specific macrophage functions. Since F. tularensis is an intracellular pathogen of macrophages, knowledge of the phagocytic pathway will be important for understanding disease pathogenesis. Our data extend recent observations on the role of complement C3 and CR, particularly CR3, in the phagocytosis of F. tularensis by demonstrating the importance of this pathway for the genetically related F. novicida. Further, we provide the first evidence for the role of antibody and Fc␥R in phagocytosis. Finally, our data support involvement of the macrophage MR and SP-A in phagocytosis and intracellular survival, two important C-type lectin PRR that are highly active in the lung alveolus. Our study highlights significant differences in the macrophage interaction between F. novicida and the LVS. We found a nearly 60% decrease in bacterial association of the LVS with MDM compared to F. novicida. To our knowledge this is the first report of the difference in recognition between F. novicida and the LVS by human macrophages. Growth of F. novicida and that of the LVS have been compared in mouse peritoneal and bone marrow-derived macrophages, as well as in peritoneal macrophages from rats and guinea pigs (4) . In that report it was found that, despite similar growth curves for mouse and guinea pig macrophages, F. novicida had 100-fold less growth in rat macrophages at 24 h. Interestingly, rats are relatively resistant to death by infection with both F. tularensis subsp. tularensis and F. novicida. The authors suggested that a possible reason for the differences between the LVS and F. novicida was in receptor-ligand interactions.
The LVS has recently been reported to infect human macrophages at a considerably lower MOI than we used (8) . How- As indicated, some MDM monolayers were washed prior to adding bacteria. After 2 h and a washing, MDM were fixed and bacteria per MDM were enumerated using fluorescence microscopy (A, left four bars). Results shown are the means Ϯ SEM normalized to the "no-SP-A" group (n ϭ 2). (A, right two bars) GFP-expressing F. novicida cells were preopsonized with or without SP-A and added to MDM. After 2 h and a washing, MDM were fixed and bacteria per MDM were enumerated using fluorescence microscopy. Results shown are the means Ϯ SEM normalized to the "mock-opsonization" group (n ϭ 3). ever, in that report the investigators used centrifugation to enhance the interaction between bacteria and macrophages and their results were reported in terms of the percentage of macrophages infected, not distinguishing between heavy and light infections of individual cells. We used a higher MOI without centrifugation to more closely simulate physiologic conditions and to enable quantification of differences in the number of bacteria per cell. Of interest, the authors showed that LVS-infected human macrophages expressed more interleukin 1␤ (IL-1␤) and tumor necrosis factor alpha (TNF-␣) than murine macrophages. In contrast, the LVS has been shown to inhibit TNF-␣ and IL-1␤ production in a murine macrophage-like cell line (50) . One can speculate that, given the anti-inflammatory phenotype of the LVS in murine macrophages and its virulence in mice, the proinflammatory phenotype of the LVS in human macrophages might contribute to its effective control and limited virulence in humans. Given that phagosomes containing both Francisella tularensis subspecies show limited phagosome-lysosome fusion (4), the differences in cytokine production by macrophages infected with F. novicida and the LVS may be a result of earlier events such as those occurring during receptor-mediated phagocytosis. Together, our data suggest that F. novicida may be a better model bacterium for studying human macrophage interactions.
We found increases in bacterial association with MDM compared to monocytes, indicating that receptors which recognize Francisella are more abundantly or newly represented on mature macrophages compared to monocytes. Monocytes express less CR3 (CD11b/CD18) and do not express CR4 (CD11c/ CD18) or the MR (36, 48) . CR3 and CR4 bind to iC3b-coated targets, an interaction which is sufficient to trigger phagocytosis (29) . CR are important in mediating the uptake of several intracellular pathogens (7, 9, 37, 45, 46) .
Experiments with CHO-CR3 cells confirm that CR3 is a major receptor involved in host cell recognition of Francisella. These findings are consistent with recently published work by Clemens et al. in which the authors used antibody blocking strategies and C3-depleted serum to provide evidence for a role for C3 and CR3 in the phagocytosis of a clinical isolate of F. tularensis and the LVS (12) . The same authors reported that serum was a prerequisite for entry into human macrophages (11) . Our findings provide evidence that despite a marked increase in phagocytosis in the presence of serum, serum opsonization is not obligatory for macrophage entry, especially at higher MOIs. However, increased association of F. novicida with MDM in the presence of serum correlated with increased survival; thus opsonophagocytosis enhances the ability of this pathogen to reach its intracellular niche.
It is clear that heat-labile components in serum such as complement are important in Francisella uptake by macrophages. However, during the course of our studies we noted that there was marked variability in the level of association of F. novicida with macrophages in the presence of HI serum, which is devoid of complement activity. This finding was donor dependent, and this variability almost always led to a level of association greater than that seen in the absence of serum (Fig.  3) . These studies support involvement of antibody in uptake. With removal of available macrophage Fc␥R (35, 44) , we observed a marked decrease in association of bacteria that had been preopsonized in both fresh serum with functional complement and antibody and, in most cases, HI serum containing only functional antibody. Fc␥R down-modulation reduced the association of fresh-serum-preopsonized bacteria almost to the level seen with bacteria that had been preopsonized in HI serum. This result indicates that CR and Fc␥R cooperate during phagocytosis.
Our data provide evidence that nonimmune human serum contains variable amounts and types of circulating anti-Francisella antibody. Although this could be taken for evidence of the presence of natural cross-reactive antibody which mediates opsonophagocytosis by activating complement, natural antibody is typically inefficient in engaging Fc␥R (29, 45) . Francisella seroprevalence has been reported infrequently but has ranged from 0.19% in an unexposed human population (25) to 9.1% in a small group of people with an occupational risk for contracting Francisella (18) . Surprisingly, all of our donors had detectable antibody to Francisella, despite none having had a prior infection or known exposure to Francisella tularensis subspecies. Our findings suggest that exposure to related environmentally derived Francisella species with conserved antigenic epitopes and consequent positive Francisella serology may be higher than what has been reported. In support of the role of antibody and Fc␥R, neutrophils were unable to phagocytose Francisella in the absence of immune serum (38) .
On human phagocytes, there are three general classes of Fc␥R with different affinities and functions: Fc␥ RI (CD64), Fc␥ RII (CD32), and Fc␥ RIII (CD16) (39) . Fc␥R function as either activating or inhibitory receptors depending on the presence of either an Ig tyrosine-activating motif or an Ig tyrosineinhibitory motif sequence in their respective cytosolic domains (39) . We nonspecifically down-modulated all three classes of Fc␥R to study their contribution to opsonophagocytosis. Further definition of the antibody types and Fc␥R involved in the phagocytosis of Francisella as well as the downstream effects of Francisella-mediated Fc␥R ligation awaits future studies.
Nonopsonic phagocytosis of microbes occurs via the MR and other surface lectins, CR3 and other integrins, and scavenger receptors (51) . A number of pathogens have been shown to be recognized by the MR (31, 42, 49, 56) . It is a prototypic PRR C-type lectin which binds terminal mannose, fucose, and N-acetylgalactosamine residues (2); mediates both recycling endocytosis and phagocytosis of larger particles (51); and may preferentially enhance the ability of certain pathogens to avoid standard killing mechanisms in macrophages (30) . Our results are consistent with involvement of the MR in phagocytosis, particularly in the absence of serum opsonins. Francisella binding to the MR implicates specific constituents of the Francisella cell wall in this interaction such as the core regions of the lipopolysaccharides of Francisella subspecies, which are mannose containing (52) . In addition, the capsule of Francisella may contain mannose. AM and human lung dendritic cells express significant MR activity, suggesting a possible mechanism for the increased pulmonary susceptibility to Francisella (13) .
We found that preincubation of F. novicida with SP-A led to a marked increase in association and intracellular survival of the bacterium in macrophages. Preincubation of macrophages with SP-A had lesser effects and only when the protein was present during the time the bacteria were added. These findings indicate that SP-A functions primarily as a bacteriumbound ligand for Francisella in enhancing phagocytosis. To-gether with the MR results, these data point towards the importance of Francisella cell wall carbohydrates in mediating interactions with C-type lectins enabling host cell recognition.
Defining the molecular mechanisms of host-pathogen interactions is important for understanding the early events which lead to the success or failure of an innate immune response. In this study we have elucidated major receptor-ligand pathways that are involved in the recognition and survival of Francisella in primary human macrophages, including those highly active in the lung alveolus. Future studies will be aimed at linking these pathways to regulation of intracellular trafficking and triggering of bactericidal and cytokine responses. Better characterization of these pathways will lead to identifying molecular targets for drug design as well as to revealing potential candidate antigens for vaccine discovery.
